Objectives: Luteinizing hormone-releasing hormone (LHRH) agonists represent one of the main cost factors in the management of patients with metastatic prostate cancer. We compared the cost-effectiveness of the five different 3-month formulations of LHRH agonists currently available for advanced prostate cancer in Italy, because these differ both in their capacity to suppress testosterone and in their acquisition costs.
Introduction
Prostate carcinoma is the second most common tumor in Italy, second only to lung cancer, with an estimated incidence of 42,804 cases in 2005 (total male population of 28,376,804, of which 4,717,170 were older than 65 years of age), representing 17% of all diagnosed cancers. Furthermore, it is the third most common cancer-related cause of death, after lung and colorectal cancers. In 2005 there were 9070 deaths from prostate cancer in Italy, corresponding to 7% of total cancer mortality [1, 2] .
Although, to the best of our knowledge, no comprehensive cost-of-illness study is available for prostate cancer in Italy, a recent multinational study assessed the direct initial health care costs during the first year after diagnosis. For Italy, the estimate was approximately €5200 per patient, leading to an estimated annual cost of €202 million for newly diagnosed patients alone [3] . In cases of metastatic prostate cancer, luteinizing hormone-releasing hormone (LHRH) agonist monotherapy is the first-line treatment recommended by Italian guidelines, given that Italian patients generally refuse surgical castration and that there is no evidence that combined androgen blockade is superior [4] .
The rationale for anti-androgen therapy in prostate cancer is the observation that testosterone represents an essential growth stimulus for prostatic cancer cells during much of the biological history of this tumor. LHRH agonists modulate the physiological feedback mechanism along the hypothalamicpituitary-gonadal axis, with consequent suppression of testicular testosterone production.
The judgment on the optimum testosterone level to be reached for suppressing the growth of prostatic cancer cells has evolved alongside the detection ability of the assays used to determine serum testosterone concentrations: whereas the traditional threshold was set at 50 ng/dl ("castration level"), with the introduction of more sensitive assays, it was lowered to 20 ng/dl. Nowadays, immunoassays are able to detect much lower concentrations, allowing investigating more accurately the relationship between circulating testosterone levels and clinical outcomes in patients with metastatic prostatic cancer.
Recently, a continuous relationship between the risk of cancer-related death and serum testosterone levels has been demonstrated [5] .
Five different depot formulations of LHRH agonists are currently available in Italy, for administration either once monthly or every 3 months. A recent review suggests that these have differing capacities to lower testicular production of testosterone, but all induce high rates of "castration" levels (Ͻ50 ng/dl) [6] . Once-monthly formulations have a higher acquisition cost per milligram than the corresponding 3-month doses, which have been approved on the basis of noninferiority studies. An expert roundtable discussion concluded that "LHRH agonists should be considered first-choice testosterone-lowering therapy for the treatment of prostate cancer, with the 3-month depot formulation providing optimal convenience and flexibility" [7] .
In order to establish the most cost-effective option among LHRH agonists, an economic analysis was performed to compare the 3-month options: leuprorelin 11.25 mg and 22.5 mg, triptorelin 11.25 mg, buserelin 9.9 mg, and goserelin 10.8 mg. The aim of this work was the pharmacoeconomic comparative evaluation of 3-month LHRH agonist treatments for metastatic prostate cancer, from the per-spective of the Italian National Health Service (INHS). The evaluation was performed by developing a model to simulate testosterone levels obtained with these therapies and the correlation between these levels and the risk of cancerrelated death.
Methods

Model description and transition probabilities
Clinical data used to compute total and progression-free survival were extracted from the database of the Santo Spirito Hospital in Casale Monferrato, Alessandria, Italy. In this administrative database all parameters related to patients followed in the Department of Urology are prospectively recorded. At the time we performed the analysis, data from 129 patients with metastatic prostate cancer (M1) were available.
An economic model was developed with the TreeAge Pro 2009 decision analysis software (TreeAge Software, Inc., Williamstown, MA), using a patient-level, microsimulation technique. Each branch of the decisional tree represents a therapeutic option, and all branches have identical structures ( Fig. 1 ). In the probabilistic, patient-level simulation, each patient is defined with unique characteristics of initial age, prostate-specific antigen (PSA) blood concentration, and Gleason score. Their initial values are defined in order to reproduce the mean and standard deviation (SD) of the studied patient's cohort (Table 1 ). Five identical "clones" are sent through the five treatment branches. It is assumed that the simulation starts as soon as the testosterone nadir is reached, so that for each patient this value is constant and totally dependent on the LHRH agonist treatment. The clinical evolution of each single patient is defined by the progression between health states in a simple Markov chain (states of alive and dead). Until biochemical relapse occurs, the patient is subjected only to natural mortality. After biochemical relapse, a specific cancer-related mortality is added to the general population mortality. Current modelling guidelines recommend that the "cycle length of the model should be short enough so that multiple changes in pathology, symptoms, treatment decisions, or costs within a single cycle are unlikely" [8] . Clinical outcomes data used (disease progression and death; see next section) were reported on a monthly basis, whereas other relevant timedependent parameters change more slowly (LHRH agonists were given every 3 months, with follow-up examinations performed every 6 months). Thus, we chose 1 month as the Markov cycle length. 
Survival functions
We derived the progression-free and total survival functions by analyzing the outcomes data of the patient cohort using Cox semiparametric models. The Cox regression model analyzes the influence of independent variables on event-free survival, under the assumption of proportional hazards, which means that the hazard ratio must be constant over time. We analyzed the data to find relationships between baseline characteristics and the time of biochemical relapse and between those parameters and the total survival time after relapse.
The first Cox regression model was based on data from the cohort of 129 metastatic patients (M1) and evaluated the time to PSA elevation (biochemical relapse). The Gleason score, testosterone level at nadir, PSA concentration (on a logarithmic scale) 6 months after the start of LHRH agonist therapy, and the age were considered as potential covariates. Except for initial age, all were significantly associated with the time to progression ( Table 1) . The second Cox model was developed on a subset of 89 metastatic patients (M1) who had biochemical relapse, in order to evaluate cancer-related survival. The same set of covariates was tested for significant correlations, and initial age alone was again discarded because it was not statisti-cally significant. In both models, the assumption of proportional hazard for each included covariate was also verified.
The two Cox models were incorporated into the simulation model. For each simulated patient, the probability of disease progression and of cancer-related death was calculated as a function of Gleason score, PSA, and testosterone levels. Natural mortality was factored as a competing risk as a function of age, and was derived from the mortality tables of the general Italian population [9] .
Treatment effectiveness
To identify relevant publications for the estimate of the effectiveness of LHRH agonists in lowering testosterone levels, in May 2009 we performed a literature search in Medline using the keywords "Gonadotropin-Releasing Hormone" [Mesh] "Testosterone/blood" [Mesh], with the limits "Clinical trial" and "Humans." Abstracts of the 276 articles identified by this strategy were checked for relevance by two of the authors (LP and MP), and full texts were obtained for 35 articles that were judged by at least one of the authors to possibly contain information regarding testosterone blood levels achieved. Manually searching the reference lists of these latter articles yielded one additional title. After examining the full text of these 36 papers, 20 studies conducted from 1990 to 2007 [10 -29] were identified as reporting detailed data on the subject, some of them previously identified in a recent review by Novara et al. [6] . These studies evaluated goserelin (n ϭ 7), leuprorelin 7.5 or 22.5 mg (Eligard®; n ϭ 9), leuprorelin 3.75 or 11.25 mg (Enan-tone®; n ϭ 2), triptorelin (n ϭ 2), and buserelin (n ϭ 3). All data (mean, median, SD, minimum-maximum, and percentile values) relating to the distribution of testosterone values at nadir and the percentage of patients who reached the testosterone cutoff point (almost always 50 ng/dl) were extracted from these studies ( Table 2 ) and meta-analyzed using a Bayesian random effects model. In a random effects model it is assumed that the effects observed in different trials for the same drug can be ascribed to a common effect, which is then influenced by peculiar conditions of each single study. The results of the meta-analysis, summarized in Table 1 , were incorporated into the model to simulate the levels of testosterone reached at nadir for each LHRH agonist.
Costs
Costs considered in the model include acquisition costs of LHRH agonists (Table 3 )., based on ex-factory prices [30] and doses recommended in the summary of product characteristics (SPC), costs of monitoring tests and examinations, and costs of chemotherapy for the hormone-refractory phase in patients with biochemical relapse ( Table 4) .
Consumption of follow-up procedures was modeled according to national guideline recommendations [4] , and their costs were assessed based on the national price lists for ambulatory services, which also include diagnostic examinations ( Table 5 ) [31] . The cost of managing toxicities related to LHRH agonist treatment was not included, assuming that this cost would not differ between strategies.
Resources consumed during chemotherapy were based on data from the randomized, controlled trial on hormone-refractory prostate cancer patients reported by Tannock et al. [32] . Resources include drugs and administration of the chemotherapy regimen (docetaxel plus prednisolone, for an average of 9.5 cycles), premedication (corticosteroid plus antiemetic agent), and drugs used for managing grades III to IV anemia and neutropenic fever (darbepoetin alfa 500 g every 3 weeks for the first 9 weeks and 300 g every 3 weeks subsequently, and pegfilgrastim 0.6 mg every 3 weeks, respectively, as recommended by the SPCs). The resulting total cost for treating the terminal phase was estimated at €9475.58 and was applied to all patients dying of cancer.
Discounting
Italian guidelines for economic evaluations in health care issued in 2001 recommend applying a 3% discount rate to both future costs and outcomes [33] . The same value has been indicated in the more recent proposal of guidelines for economic evaluation elaborated and discussed in 2009 by the Italian Association of Health Economics (AIES) [34] . Presently, the European Commission advocates a 5% rate in its current cost-benefit guidance [35] . This rate is considered to be too high, however, by many economists [36] , and the National Institute for the Social Impact of Economy (Istituto Nazionale per l'Impatto Sociale dell'Economia, INISE) recommends a discount rate approximately 1.5% lower than the official social discount rate [37] . Thus, we chose to apply an annual discount rate of 3.5% to both survival and costs.
Probabilistic sensitivity analysis
The base case of the model is built to simulate the outcomes and costs for individual patients through the model. Results of the base case were calculated with 20,000 simulated patients. Characteristics of each patient (age, PSA blood concentration, and Gleason score) were extracted from distributions representing the mean (SD) from the studied cohort of 129 metastatic patients (M1) ( Table 1) .
A probabilistic sensitivity analysis was performed to take into account the uncertainty surrounding estimated parameters of the two Cox models. This was accomplished by repeating 1000 cycles, each cycle with 5000 patient-level iterations. Each cycle was characterized by a single value for each of the parameters of the Cox models. These were randomly ex- 
Results
Base case
Our meta-analysis showed that the lowest testosterone nadirs were achieved with buserelin and leuprorelin 22.5 mg (Ϸ8 -9 ng/dl versus Ϸ18 ng/dl with goserelin; Table 1 ). Estimated total survival for metastatic patients was approximately 5 years, with a maximum difference between treatment options of approximately 2 months ( Table 6 ). The maximum difference between treatments for progression-free survival was almost 2 months ( Table 7 ). The differences in the lifetime total costs of therapy were more pronounced, with a mean difference of nearly €2500 between the least costly option (leuprorelin 22.5 mg) and the most expensive (goserelin) ( Tables 6 and 8 ). From the perspective of cost-effectiveness, leuprorelin 22.5 mg had the best cost/survival ratio, with a cost of approximately €230 per month (Table 6 ).
In the incremental cost-effectiveness analysis (Fig. 2) , leuprorelin 22.5 mg dominated leuprorelin 11.25 mg, goserelin, and triptorelin, having greater effectiveness and lower costs. Buserelin appeared more costly but slightly more effective than leuprorelin 22.5 mg. The incremental cost-effectiveness ratio (ICER) of this drug (i.e., the cost required to obtain one additional unit of benefit) compared to leuprorelin 22.5 mg was about €12,000 per life-month gained ( Table 9 ).
Probabilistic sensitivity analysis
Leuprorelin 22.5 mg was the least costly drug in all 1000 simulations, and, in terms of months of life gained, only buserelin was more effective in a certain percentage of iterations ( Fig. 3) . Therefore, leuprorelin 22.5 mg consistently dominated leuprorelin 11.25 mg, goserelin, and triptorelin.
In Figure 3 , the 1000 ICER values of buserelin versus leuprorelin 22.5 mg are represented as a scatterplot on a cost-effectiveness plane. Points are all found in the northeast and southeast quadrants. Points in the southeast quadrant represent a negative incremental survival gain of buserelin versus leuprorelin 22.5 mg, indicating that leuprorelin was superior to buserelin in terms of both costs and effectiveness (dominant). Buserelin never dominated leuprorelin, because its costs were always higher.
ICER estimates of buserelin versus leuprorelin 22.5 mg were also plotted on a cost-effectiveness acceptability curve, in which the probability of being cost-effective is represented as a function of increasing levels of willingness to pay (WTP). As observed in Figure 4 , there was a 100% chance of leuprorelin 22.5 mg being cost-effective when WTP was less than €28,000 per life-year gained. Buserelin was costeffective in more than 50% of cases only if the willingness to pay was greater than €280,000 per life-year gained.
Discussion
It is well known that the different available formulations of LHRH agonists induce different levels of testicular inhibition, but clinicians have not considered these differences to be clinically relevant, provided that the castration threshold is achieved. However, as an analysis of recently published clinical data suggests a continuous relationship between testosterone concentrations and disease progression, differences in the testosterone nadir achieved-even below the castration threshold-might determine variations in the rapidity of disease evolution and, therefore, in survival.
In our analysis, estimated testosterone nadirs reached with different depot LHRH agonists were combined with survival functions obtained via Cox analysis of data from metastatic patients in order to compare their cost-effectiveness. Results obtained in the base case showed that there were some differences in mean overall survival and lifetime costs with the different treatments. Leuprorelin 22.5 mg on average dominated all alternative options except buserelin, being associated with lower costs and higher effectiveness. In a sensitivity analysis we explored the effect of the uncertainty on the main model parameters. The mean lower cost and higher effectiveness of leuprorelin 22.5 mg versus leuprorelin 11.25 mg, goserelin, and triptorelin was confirmed in all 1000 estimates. Buserelin, on average, was more costly but more effective than leuprorelin 22.5 mg, with an ICER of approximately €12,000 per life-month gained in the base case.
An official WTP threshold for the INHS is lacking. To assess the value of a health intervention, results of pharmacoeconomic studies need, therefore, to be benchmarked against international or conventional thresholds. In the literature, there is a plethora of proposed cost-effectiveness thresholds, generally ranging from US$20,000/quality-adjusted life year (QALY) to the current £30,000/QALY applied in the United Kingdom [38 -41] . The opportunity of raising this threshold is constantly under debate [42] ; possibly the highest proposed cost-effectiveness threshold is the three times per capita gross domestic product (GDP) value suggested by the World Health Organization (WHO) in the WHO-CHOICE program for efficient use of health resources [43] .
In the probabilistic sensitivity analysis, leuprorelin 22.5 mg had an 80% probability of being cost-effective in comparison to buserelin even adopting this "extreme" threshold (equating to €78,000 based on Italy's 2007 GDP per capita [44] ).
There is high variability in the differences in outcomes and costs associated with the evaluated treatments in the patientlevel simulations, which have distributions that are largely overlapping. In contrast, consistent differences in mean survival and costs were seen in the probabilistic sensitivity anal- ysis. We believe that this apparent discrepancy is related to the simulation technique that we used, in turn reflecting the different type of uncertainty that the two analyses are designed to reproduce. In the patient-level simulations, the variability reflects the interindividual heterogeneity and corresponds to the low predictability of the outcomes of the single patient. The much lower dispersion of mean estimates shown by the probabilistic sensitivity analysis, however, reflects the substantial low sensitivity of mean, cohort-level outcomes to the uncertainty in the parameters relating clinical characteristics and outcomes, as estimated by the survival functions. In other terms, the clinical effect of the treatments, and more generally the outcomes, of the single patient are very unpredictable. Indeed, it may well be possible that a patient treated with an LHRH agonist that is less effective than others on average does better than another similar patient treated with a drug that is on average more effective, whereas in a cohort of patients the difference will emerge. These considerations further imply that the present results are relevant for decision makers responsible for choices and budgets regarding cohorts of patients-from the head of the department and hospital drug purchaser to the policy makers at regional and national levels-while having little or no importance for the clinician deciding about the care of a single patient.
Limitations
The model relationships between testosterone levels and cancer mortality and progression are based on the analysis of data from one clinical center. The use of a continuous analytical function even for very low levels of the hormone implies the absence of a threshold below which testosterone stops stimulating cancer cell growth. Such a threshold is referred to as castration level in earlier literature and its non existence might need to be further investigated and confirmed by larger clinical studies. The retrieval of the evidence on testosterone nadirs achieved with the available treatments might have been more formally rigorous, although we believe that we have not omitted any crucial information. The findings of the review by Novara et al. [6] support this belief.
Regarding the cost side of the evaluation, some simplifications and approximations have been used. The national price list used for estimating the costs of follow-up diagnostic procedures and examinations dates back to 1996; therefore, costs are likely underestimated. The updating of price lists is the responsibility of the regions, but many of them have not complied with this duty to date. For example, for the most expensive of the diagnostic procedures considered in the present model (i.e., total body bone scintigraphy), only 10 of the current 20 regional price lists have an updated value. The reported mean of regional prices is of limited representativeness, because it neglects any weighting based on activity volumes or target population. It is, however, higher than the old national price list [45] . The consequent underestimation of follow-up costs in the model may have slightly biased the results in favor of the strategies associated with longer survival. The cost of chemotherapy for the hormone-refractory phase used in the calculations is also an aggregate estimate that may not reflect costs accurately. Nevertheless, all of these costs are common to all treatments and the maximal mean survival difference between treatments is approximately 2 months, so we are confident that the potential of these estimates to bias the final results is very limited.
Conclusions
Despite some limitations, our analysis represents the first attempt to summarize the available evidence regarding the relative effectiveness of testosterone-lowering therapies in metastatic prostate cancer and their consequences on hard outcomes into one comprehensive conceptual scheme. The results suggest that leuprorelin 22.5 mg is the most cost-effective of the available depot LHRH agonists in the Italian setting. Although only tentative conclusions can be drawn, based on modeling with meta-analysis of comparative survival data, our findings should provide valuable guidance for decision makers who need to make rational choices regarding the use and price of LHRH agonists in Italian patients with metastatic prostate cancer -like the hospital pharmacist, the head of the urology department, or the regional agency deciding on hospital drug formularies.
